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Prostaglandin E, is a potent regulator of interleukin-12- and
interleukin-18-induced natural Kkiller cell interferon-y synthesis

WILLIAM WALKER* & DINO ROTONDOY *Experimental Medicine Unit, Swansea Clinical School, University of Wales
Swansea, Swansea, UK, and tDepartment of Immunology, Strathclyde Institute for Biomedical Sciences, University of

Strathclyde, Glasgow, UK

SUMMARY

Synthesis of interferon (IFN)-y by natural killer (NK) cells is an important pro-inflammatory
event with interleukin (IL)-12 and IL-18 playing major inductive roles. However, other
temporal events are likely to regulate such processes and as prostaglandin E, (PGE,) is
ubiquitous during inflammation this study tested the hypothesis that PGE, was capable of
directly modulating cytokine-induced NK cell IFN-vy synthesis in the absence of other immune
cells. Using homogenous NK cell lines to establish direct effects, PGE, (0-1-1 M) was found
to suppress NK cell IFN-y synthesis and antagonized the potent synergistic IFN-y-inducing
effects of IL-12 and IL-18. The actions of PGE, were mimicked by synthetic PGE, analogues
including misoprostol and butaprost. The selective EP, receptor agonist butaprost, but not the
EP,/EP; agonist sulprostone, suppressed IFN-y synthesis and exclusively competed with
PGE,; for receptor binding on NK cells. Further analysis showed that PGE, did not modulate
IL-12 receptor mRNA expression and the effects of PGE, could be mimicked by the
phosphodiesterase inhibitor 3-iosobutyl-1-methylxanthine. The absence of demonstrable
receptor modulation coupled with the observed suppression of IFN-y synthesis by both
EP; receptor-selective agonists and IBMX suggest that PGE, acts directly on NK cells via EP,
receptors with its downstream effects on cAMP metabolism. This conclusion is further
supported by findings that PGE, and its analogues consistently elevated levels of cAMP in
NK cells. The ability of PGE, to antagonize the potent inductive signal provided by the
combination of IL-12 and IL-18 supports the concept that PGE, may play an important role in
limiting innate inflammatory processes in vivo through direct suppression of NK cell IFN-y

synthesis.

INTRODUCTION

Natural killer (NK) cells play a vital role in resistance to cancer
and various infectious agents that include viruses, bacteria and
intracellular protozoa.'™ Upon activation NK cells synthesize
interferon-y (IFN-v)), a major pro-inflammatory cytokine that
is essential for activating macrophage microbicidal activity* and
also for promoting subsequent T helper 1 (Th1)-like immunity.”
The induction of NK cell IFN-y synthesis occurs rapidly,
primarily in response to macrophage and dendritic cell-derived
interleukin-12 (IL-12)® and this process is amplified by other
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pro-inflammatory cytokines especially IL-18, which acts in
synergy with IL-12.77' The importance of these innate events
are aptly demonstrated by in vivo studies showing that the
absence of either IL-12 or IL-18 results in an inability to mount
early IFN-y-mediated resistance and profoundly impaired Th1-
like responses to intracellular pathogens.''

In addition to regulating numerous physiological processes
throughout the body, prostaglandin E, (PGE,) is ubiquitously
expressed in many tissues during inflammation and is synthe-
sized by diverse cell types that include immune cells, fibro-
blasts and skin cells. In the context of innate immunity,
NK cell activity involves close interaction with activated
dendritic cells and macrophages'? and significantly, these cell
types are major producers of PGE,."* Given the synthesis of
PGE, by such immune cells, it is perhaps not surprising that
PGE, has been shown to modulate various aspects of the
immune response. For example, PGE, has been shown to
inhibit lipoloysaccharide (LPS)-induced IL-12 production from
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monocytes'* decrease IL-2-driven T-cell proliferation'® and
suppress IFN-y synthesis by CD4" or CD8" T cells.'®!”
However, conflicting reports have demonstrated PGE,-mediated
enhancement of IFN-y synthesis by antigen-stimulated Thl
cells'® and enhanced dendritic cell IL-12 production in the
absence of LPS stimulation.'® These contradictory findings may
be because of differences in cellular activation or on the
differential expression of PGE, receptors (EP,—EP,) as these
individual G-protein-coupled receptors utilize distinct intracel-
lular signalling pathways. For example, EP,/EP, receptors act
via G proteins to increase intracellular cAMP, and the three
isoforms of the EP; receptor act via G; proteins to suppress
cAMP levels.?°

In contrast to T lymphocytes, the effects of PGE, on NK
cell IFN-vy synthesis has received considerably less attention.
In particular, given the importance of this fundamental event
to host immunity, it was pertinent to determine whether
PGE, can directly modulate the ability of IL-12-, IL-18-
induced NK cell IFN-y synthesis in the absence of other
immune cells. In addressing this important question we demon-
strate that physiologically relevant concentrations of PGE,
significantly suppresses NK cell IFN-vy synthesis, irrespective
of cytokine stimulation. Furthermore, this suppression is a result
of the direct action of PGE, on NK cells, involving EP,
receptors and the downstream modulation of intracellular
cAMP levels. This infers that concomitant production of
PGE, may be an important innate event that regulates NK cell
activity in vivo.

MATERIALS AND METHODS

Propagation of NK cells

IL-2-dependent murine NK cell lines (5E3, SE6) were obtained
from Dr Hiroko Tsutsui, Department of Immunology & Medical
Zoology, Hyogo College of Medicine, Japan and maintained as
described.”' These cell lines are non-transformed and exhibit
identical characteristics to primary NK cells obtained as pre-
viously described by us.'® Briefly, cells were cultured in RPMI-
1640 containing 10% fetal calf serum (FCS), 2 mM L-gluta-
mine, 100 U/ml penicillin, 10 mg/ml streptomycin, 1 mM
sodium pyruvate, 10 mM HEPES and 1% non-essential amino
acids. Cells were seeded at an initial density of 1 x 10° cells/ml
and maintained in 500 U/ml of recombinant human IL-2
(Peprotech EC Ltd, London, UK). The IL-2 was replenished
every 5-6 days when cells reached confluence. In all experi-
ments NK cells were plated at a final density of 1 x 10%ml in
either 24-well tissue culture plates (1 ml/well) or in the case of
larger cultures (5 ml) in 25 cm? tissue culture flasks.

Stimulation of NK cells

In all stimulation experiments NK cells were cultured with
recombinant murine IL-12 and/or IL-18 (Peprotech EC, Ltd) at
a final concentration of 1 ng/ml. Tissue culture grade PGE, was
obtained from Sigma-Aldrich Co. Ltd (Poole, UK) and used at a
concentration of 1 uM unless otherwise stated. The PGE,
analogues butaprost, misoprostol (selective EP, agonists) and
sulprostone (EP,/EP3) were obtained from Cayman Chemical
Co. (Ann Arbor, MI) and were used at a final concentration of
10 uMm. The cAMP phosphodiesterase inhibitor 3-iosobutyl-1-
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methylxanthine (IBMX) was added to cultures at a final con-
centration of 100 puMm.

Measurement of IFN-vy synthesis

IFN-vy levels in culture supernatants were measured using a
standard capture cytokine enzyme-linked immunosorbent assay
(ELISA) protocol. Antibody pairs were supplied by BD-Phar-
Mingen (Oxford, UK) and used as recommended. Briefly, the
wells of Immulon™ microtitre plates (Dynex Technologies
Inc., Chantilly, VA) were coated with detecting monoclonal
antibody (R4-6A2) in phosphate-buffered saline (PBS) pH 9-0.
After addition of samples, bound cytokine was detected with
biotinylated anti-IFN-y (XMG1.2) followed by streptavidin—
alkaline phosphatase conjugate. Bound phosphatase was visua-
lized with 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid) (Sigma-Aldrich Chemical Co.). Unknown values were
extrapolated from a standard curve which was constructed using
recombinant mouse IFN-y of known concentration.

Ligand-binding analysis

PGE, receptor-binding analysis was performed as previously
described.? Briefly, washed NK cells (1 x 106) were incubated
at 4° with 3 nM [°HJ-PGE, (Amersham Biosciences UK Ltd,
Little Chalfont, UK) alone or in combination with 1000-fold
molar excess concentrations (3 uM) of either unlabeled PGE, or
its analogues (butaprost, sulprostone) for 60 min in a total
volume of 200 pl. After incubation cells were vacuum-filtered
through Whatman GF/C glass-fibre filter papers, presoaked with
Tyrode’s buffer. Following washing, the filters were dried and
radioactivity measured by liquid scintillation counting.

Cytokine receptor expression

To detect cytokine receptor expression total RNA was extracted
from cultured NK cells by the guanidine isothiocyanate method
and assayed for cytokine receptor mRNA content using the
Riboquant™ Multi-Probe RNase Protection Assay System
(BD-PharMingen). Briefly, 10 pg of RNA from each sample
was hybridized in solution with the appropriate radiolabelled
antisense RNA probe set (mCR-1, mCR-3) as recommended by
the manufacturers. Following hybridization, free probe and
remaining single stranded RNA was digested with RNases
and the protected probes were purified and resolved on 5%
denaturing polyacrylamide gels using Ultra Pure Sequagel™
reagents (National Diagnostics, Atlanta, GA). Protected frag-
ments were visualized by exposing dried gels to standard X-ray
imaging film. Post-development films were scanned and indivi-
dual band densities analysed by NIH-/mage computer software.

Measurement of intracellular cAMP levels

NK cells (1 x 10%) were cultured in the presence of PGE, or its
synthetic analogues in a final volume of 250 ul RPMI-1640.
Reactions were terminated after 30 min by the addition of
trichloroacetic acid (TCA, 5% final concentration). Superna-
tants were then collected into fresh tubes and TCA removed by
washing three times with 4 volumes of diethyl ether. cAMP was
subsequently measured in samples by radioimmunoassay.
Briefly, a constant amount of radiolabelled cyclic AMP and
mouse anti-cAMP antibody was added to each sample. Samples
were then incubated at 4° for 18 hr after which a second
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antibody (goat anti-mouse), conjugated to magnetic beads, was
added followed by ice-cold polyethylene glycol 6000 (12%
final concentration). Samples were then vortex-mixed and
centrifuged at 13 000 g to remove the supernatant. Radioactiv-
ity in the pellet was measured by scintillation counting and the
level of cAMP evaluated by comparison to the radioactivity in
tubes containing standard amounts of cAMP.

Statistical analysis

All data are expressed as mean values & 1 standard deviation
(SD). Protein IFN-y levels were compared by the two-tailed
Student’s r-test. Specific mRNA expression was calculated
according to the formula: densitometric values for cytokine
receptor bands/L32 band density. Normalized densitometric
values under different stimulatory conditions were compared
by Mann-Whitney U-test. P-values less than 0-05 were con-
sidered significant.

RESULTS

PGE, suppresses IL-12 & IL-18-induced NK cell IFN-y
synthesis

As PGE, is known to have modulatory effects on accessory cell
functions that are pertinent to NK cell IFN-y synthesis, i.e. IL-
12 production,'*'? it was important to determine direct effects
on NK cells in the absence of these cell types. As contaminating
accessory cells are unavoidable during generation of primary
NK cell cultures from bone marrow precursors, homogeneous
non-transformed NK cell lines were employed.>' In our hands
these NK cells exhibited identical characteristics to primary NK
cells generated by other methods.'® To mimic physiological
conditions as much as possible, NK cells were stimulated with
only 1 ng/ml final concentrations of cytokine, and up to 1 uM
final concentrations of PGE,, a quantity previously shown to
maximally inhibit macrophage IL-12 production.'* In agree-
ment with our previous findings using primary NK cells'® IL-12
and IL-18 acted in synergy to significantly enhance production
of IFN-y when compared with stimulation by IL-12 or IL-18
alone (Fig. 1a). However, irrespective of the inducing cytokine
stimulus, PGE, suppressed the synthesis of IFN-y. PGE, was
effective at concentrations as low as 0-01 pM with a maximal
suppressive effect between 0-1 and 1 puMm (Fig. 1b). Despite the
potent synergism of IL-12 and IL-18, 1 uM PGE, was able to
significantly reduce IFN-y levels under these conditions
(41-5% suppression). Under weaker stimulatory conditions
the suppressive effects of PGE, were more profound with
IL-12- and IL-18-stimulated IFN-y levels reduced on average
by 58 and 67%, respectively, suggesting a direct antagonism
between IFN-vy-inducing stimuli and PGE,. These inhibitory
effects were not caused by cell death as PGE, did not have any
significant effect on cell viability during the relatively short
culture conditions (16 hr) as determined by trypan blue exclu-
sion (not shown). We did not perform experiments with excess
PGE, (i.e. >1-0 um) as these levels are unlikely to reflect
pathophysiological conditions given the very short half-life
of PGE, in vivo.?>** These findings show that cytokine-induced
NK cell IFN-v synthesis is profoundly regulated in a negative
manner by PGE,.
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Figure 1. PGE, suppresses IL-12- and IL-18-induced IFN-vy synthesis
by NK cells. (a) NK cells (1 x 10%) were stimulated with IL-12 + IL-
18 (1 ng/ml) for 16 hr in the absence (ethanol vehicle) or presence of
1-0 uM PGE,; and IFN-vy in culture supernatants measured by standard
capture ELISA. The synergistic combination of IL-12 + IL-18 in these
experiments was susceptible to the suppressive effects of PGE, with an
average reduction in IFN-y levels of 41-5%, **P < 0-05 (u = 262 £
3-1 ng/ml to 15-33 £ 3.0 ng/ml). IL-12-stimulated IFN-y levels were
reduced on average by 58-6%, *P < 0-05 (n = 10-55 £ 2-3 ng/ml to
4-1 £ 0-9 ng/ml). IL-18-induced IFN-vy levels (1-1 &= 0-4 ng/ml) were
more markedly reduced with a 67% reduction. Measurable background
IFN-vy levels (1 = 0-6 ng/ml) were completely abolished in the pre-
sence of 1-0 uM PGE,. n = 3 £ SD. (b). Dose—response experiments
further confirmed that PGE, suppressed the production of IFN-y under
all stimulatory conditions with PGE, having a maximal suppressive
effect between 0-1 and 1-0 pM final concentration. Data is representative
of 3 individual experiments, error bars = + SD. The ICs, for PGE; in
the presence of IL-12/18 = 360 nM. In the presence of IL-12 or IL-18
the ICso for PGE, = 33 nM and 20 nM, respectively.

PGE, mediates its effects on NK cell IFN-y
synthesis via EP, receptors

Given the marked suppression of IFN-vy synthesis in the absence
of accessory cells it was important to determine the molecular
basis for these direct effects. To determine which PGE, (EP)
receptors where involved we employed synthetic analogues of
PGE, that act as selective EP receptor agonists. When NK cells
were stimulated in the presence of the selective EP, receptor
agonist butaprost or the EP,/EP;/EP,-active analogue miso-
prostol, a significant inhibition of IFN-y synthesis occurred in a
manner analogous to that seen with natural PGE, (Fig. 2).
Butaprost suppressed IL-12 + IL-18-induced IFN-vy levels on
average by 33% (from 26-3 ng/ml to 17-65 ng/ml) with mis-
oprostol also exhibiting similar effects (reduced to 15-4 ng/ml)
when compared with natural PGE, (15-3 £ 5-1 ng/ml). Similar
to PGE,, butaprost and misoprostol also suppressed more
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Figure 2. PGE, analogues selective for EP, receptors mediate sup-
pressive effects on NK cell IFN-y synthesis. NK cells (I x 10°%) were
stimulated with cytokines for 16 hr in the presence of either PGE, (1 um),
butaprost (EP, agonist, 10 um), misoprostol (EP,/EP;/EP, agonist,
10 puM) or sulprostone (EP,/EP; agonist, 10 pM) and IFN-y production
measured by ELISA. In the presence of IL-12 + IL-18 butaprost reduced
mean IFN-vy levels from 26-3 + 4-1 ng/ml to 17-65 £ 2-6 ng/ml (33%
reduction, **P < 0-05,n = 3 4+ SD) compared with a similar reduction in
the presence of PGE, (to 15-3 £ 5-1 ng/ml, *P < 0-05). Similarly,
misoprostol also inhibited IL-12 + IL-18-induced IFN-y synthesis
by NK cells (mean IFN-y synthesis in the presence of misoprostol =
15-4 £ 3-4 ng/ml, ***P < 0-05). Sulprostone had no demonstrable
effect on IFN-y synthesis (mean IFN-y concentration = 25.7 +
3.4 ng/ml in the presence of sulprostone, P > 0-05 compared with
vehicle). The absence of EP,/EP;-mediated effects (sulprostone) com-
bined with the activity of misoprostol and butaprost, strongly indicate
the involvement of EP, receptors in IFN-y suppression. As shown, similar
effects were discernable when these analogues were added to NK cells
stimulated in the presence of IL-12 or IL-18 only. n = 3 £ SD.

efficiently the synthesis of IL-12-stimulated or IL-18-stimu-
lated IFN-y production. In contrast, the selective EP,/EP3
receptor agonist sulprostone did not have any significant effect
on IL-12-or IL-18-induced IFN-y synthesis (u = 25-7 ng/ml),
suggesting an absence of EP|/EP; receptors on activated NK cells.

Although butaprost has been well characterized as a selec-
tive agonist for the EP, receptor, it was desirable to rule out
possible indirect effects of this drug on NK cells and also to
confirm that the EP, receptor was the major ligand for PGE, on
the surface of NK cells. Therefore, radio-ligand binding ana-
lysis was performed in which PGE, and its analogues were
allowed to compete with [*H]-PGE, for binding to NK cells
(Fig. 3). Total binding of PGE, was significantly reduced
only by the presence of either unlabelled PGE, or the EP,-
selective agonist butaprost (reduced to 53-4% =+ 7-3% and
48-6% =+ 5-5%, respectively, P < 0-05). In contrast, sulpros-
tone did not have any significant effect on radiolabelled PGE,
binding, confirming the absence of significant numbers of EP,/
EP; receptors on NK cells. Given that butaprost does not
interact with the EP,, EPs, or EP, receptors® 2’ these findings
strongly support the conclusion that PGE, mediates its effects
on NK cells predominantly through the EP, receptor.

PGE,; does not modulate IL-12 cytokine receptor
expression on NK cells

Previous studies with T lymphocytes have indicated that PGE,
has the ability to down-regulate the IL-12 receptor (3 subunits
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Figure 3. NK cells predominantly express EP, receptors. Washed NK
cells (1 x 10°% were incubated with 3 nanomolar [°H]-PGE, in the
presence of excess (3 uM) synthetic EP receptor agonists and bound
[*H]-PGE, determined by liquid scintillation counting. In the presence
of unlabelled PGE, binding was reduced to 53-4 + 7-3% (*P < 0-05).
In the presence of butaprost binding was reduced to 48-6 + 5-5%
(**P < 0-05) demonstrating EP, receptor expression. In contrast, coin-
cubation with sulprostone did not result in any alteration in [*H]-PGE,
binding (107 £ 8-9%, P > 0-05) confirming the absence of EP; or EP;
receptors on NK cells. Total binding was 290 4 21 dpm/10° cells
(n =4, £ SD).

(IL-lZRB)28 and as such a mechanism could account for the
observed suppression, the ability of PGE, to modulate NK cell
IL-12R expression was therefore determined. Although not
involved in either IL-12 or IL-18 signaling, the effects of
PGE,; on expression of the IL-2R subunits («, 3, y.) were also
evaluated as an indicator of any nonspecific effects. As an
additional control, the effects of PGE, were compared with
TGF-B1, a reported inhibitor of IL-12Rp2 expression on T
cells.”® As previous studies have demonstrated a direct correla-
tion between IL-12R mRNA and cell-surface protein expres-
sion®® we measured IL-12RB mRNA subunit expression by
RNase protection assay (RPA). Irrespective of the stimulatory
conditions, PGE, treatment did not inhibit expression of mRNA
for either the IL-12 or IL-2 receptor subunits (Fig. 4). In
comparison, down-regulation of both IL-12R subunits at the
mRNA level was detectable after TGF-1 treatment for 16 hr
(not shown), validating the sensitivity of the mRNA assay.
Therefore, PGE, does not suppress cytokine-induced IFN-y
synthesis by a mechanism that involves down-modulation of IL-
12 receptors on NK cells. Furthermore, the absence of demon-
strable down-regulation of other cytokine receptors (including
the IL-2R family subunits), suggests that at least under the short
treatment time used here, PGE, does not significantly modulate
cytokine receptor expression on NK cells.

IFN-vy synthesis by NK cells is suppressed in a
cAMP-dependent manner

As PGE, did not modulate expression of IL-12 receptors, more
direct effects on IFN-y gene expression could account for its
suppressive effects. In particular, EP, receptors signal via Gy
proteins to increase intracellular cAMP levels®® and it was
therefore pertinent to test whether PGE, was capable of mod-
ulating cAMP levels in NK cells. To achieve this, cAMP
levels in NK cells were determined by radioimmunoassay after
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Figure 4. PGE, does not modulate NK cell cytokine receptor expression. NK cells (5 x 10°) were stimulated with IL-12 + IL-18
(1 ng/ml) for 16 hr in the absence (ethanol vehicle) or presence of PGE, (1-0 uM) and cytokine receptor mRNA levels determined
by RPA. Irrespective of the IFN-y-inducing conditions, PGE, did not modify IL-12R B1/B2 chain mRNA expression (left and
middle panels). Similarly, PGE, exposure for 16 hr did not modulate IL-2R subunit (y.) mRNA expression (right panel). IL-2R « or
B chain mRNA expression was also unaffected by PGE, exposure (not shown). Shown is the mean normalized expression (represented
as the ratio of receptor band density/L.32 band density) + SD, n = 3. White bars = vehicle control, black bars = PGE,-treated

cultures.

treatment with PGE, or its synthetic analogues. In the presence
of either PGE,, misoprostol or butaprost, cAMP levels were
significantly elevated compared with untreated cells (Fig. 5a).
This effect was most marked at the 10 uM and 1-0 uM con-
centrations. Lower concentrations (0-1 uMm) failed to elevate
cAMP levels above background control levels (654 + 139
fmol). In contrast, treating NK cells with identical concentra-
tions of sulprostone did not produce any significant elevation in
intracellular cAMP levels. In further experiments, NK cells
were incubated with equivalent amounts (1-0 uM) of either
PGE,; or butaprost plus sulprostone. Despite the presence of
sulprostone in these cultures, PGE, and butaprost were still
capable of elevating NK cell cAMP levels (Fig. 5b). As sul-
prostone preferentially utilizes PGE, receptors that are G;j-
coupled (EP3) and inhibitory of cAMP generation, any sulpros-
tone binding would predict an antagonism of the cAMP-elevat-
ing effects of butaprost or PGE,. As this was not observed, these
experiments provide further evidence of the absence of EP3-
mediated effects on NK cells. Finally, to directly test whether
cAMP-dependent mechanisms could account for the suppres-
sion of IFN-vy synthesis, intracellular cAMP levels were artifi-
cially elevated in cytokine-stimulated NK cells by coincubating
with the cAMP-phosphodiesterase inhibitor IBMX. As
observed with natural PGE,, IBMX suppressed the synthesis
of IFN-vy under all stimulatory conditions (Fig. 5c¢). Similar to
PGE,, IBMX was also more efficient at suppressing IL-12-
stimulated IFN-y synthesis (64% reduction) than the synergis-
tic effects of IL-12 plus IL-18 (30% reduction). IL-18-induced
and background levels of IFN-y were abolished in the presence
of IBMX. PGE, plus IBMX combined had an additive effect
with a more marked suppression of IFN-y synthesis than either
of these agents on their own, although this was not significant in
the IL-12 plus IL-18-stimulated cultures. These findings
demonstrate that IFN-y expression is suppressed via a
cAMP-dependent mechanism and this is consistent with the
data from selective agonists (Fig. 2) and radio-ligand binding
analysis (Fig. 3) showing that PGE, acts via EP, receptors on
NK cells. They also support our observations that indirect
effects such as cytokine-receptor modulation (Fig. 4) are not
required for suppression of NK cell IFN-vy synthesis.

DISCUSSION

Because prostanoids induce the symptomatic manifestations of
tissue inflammation they were initially characterized as pro-
inflammatory mediators. However, it has become clear that they
can both promote inflammation and regulate the actions of
cytokines which initiate the inflammatory cascade. This
depends on many factors such as the inflammatory stimulus,
prostanoid type, and receptor expression, leading to the concept
that these lipid molecules are both effectors and regulators of
inflammation.?! In agreement with this concept, we report here
that PGE, acts directly on NK cells to inhibit cytokine-induced
IFN-v synthesis. During early immune activation NK cell IFN-y
synthesis is driven principally by IL-12 and IL-18'C with
activated macrophages and dendritic cells acting as major
producers of these pro-inflammatory cytokines. However, these
cell types are also major producers of PGE,, suggesting coor-
dinated, temporal regulation of NK cell activity. The suppres-
sive effect on NK cell IFN-y synthesis demonstrated in the
present study is in addition to the reported inhibitory effects of
PGE, on IL-12 synthesis by activated macrophages' reflecting
an additional layer of regulation. However, unlike macrophages
where PGE, has also been shown to induce suppression through
indirect mechanisms that include the induction of regulatory IL-
10%2 the effects on NK cells appear to be direct, in that the use of
pure NK cell lines allowed us to analyse effects in the absence of
contaminating accessory cells. Although NK cells have been
reported to secrete IL-10, this cytokine was undetectable under
the pro-inflammatory conditions used in this and other studies"”
and was not detectable after PGE, treatment. Furthermore, IL-
10 has been shown to have stimulatory effects on NK cell IFN-y
synthesis in the presence of IL-18* and such a scenario is
therefore an unlikely explanation for the observed suppression.

PGE, has been reported to inhibit T cell IFN-y produc-
tion'”* shifting the balance towards Th2 development®® and
our findings are consistent with this, in that NK cell-derived
IFN-vy production is recognized to be important for the promo-
tion of Thl development.” Indeed, it has recently been argued
that the higher expression of PGE, receptors and therefore
enhanced sensitivity to IFN-y-suppressing effects, account
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Figure 5. IFN-y synthesis by NK cells is suppressed by in a cAMP-dependent manner. (a) NK cells (1 x 10°) were incubated with
PGE; or its analogues and cAMP levels determined by radioimmunoassay. In the presence of 10-0 uM or 1-0 pM PGE,, butaprost or
misoprostol cAMP levels were significantly elevated compared with untreated cells (e.g. 10 uM PGE, = 6612 + 602 fmol cAMP vs.
654 £ 139 fmol for untreated cells, *P < 0-005). In contrast, sulprostone had no effect on intracellular cAMP levels compared with
vehicle-treated control cells (10 pM sulprostone = 627 £ 174 fmol, **P > 0.05). (b) When sulprostone (1-0 pM) was added
simultaneously with either PGE, (1-0 puM) or butaprost (1-0 pM) there was no significant change in the ability of PGE, or butaprost
to elevate cAMP levels (PGE, = 3923 £ 402 fmol cAMP versus PGE, plus sulprostone = 4112 £+ 517 fmol, P > 0-05;
butaprost = 2123 =+ 343 versus butaprost plus sulprostone = 2003 =+ 287), further confirming the absence of EP,/EP;-mediated
effects. (c) In further experiments, NK cells (1 x 10%) were stimulated with IL-12 + IL-18 (1 ng/ml) for 16 hr in the absence (ethanol
vehicle) or presence of either PGE, (1 um) or IBMX (100 um) to raise intracellular cAMP levels. Similar to PGE,, IBMX suppressed
IFN-y synthesis irrespective of inducing stimuli. Under stimulation with IL-12 + IL-18, IBMX reduced IFN-y levels from
59-3 £ 9-1 ng/ml to 42-2 £+ 7-1 ng/ml (30% reduction, *P < 0-05). Under stimulation with IL-12 alone, IBMX reduced IFN-y
levels from 9-7 + 4.0 ng/ml to 3-5 &+ 2.1 ng/ml (64% reduction, **P < 0.-05). When PGE, and IBMX were added together there was
a small additive effect in terms of suppression, although this was not significant in the IL-12 plus IL-18-stimulated cultures. For all

experiments, n = 3 £ SD.

for the dominant Th2 response in BALB/c mice.*® Interestingly,
EP; receptors have been demonstrated to mediate the effects of
PGE, on both T cells'® and B cells®’ with more recent studies
utilizing EP receptor-deficient mice confirming a major role for
the EP, receptor in the modulation of T-cell activity.>® Our
findings demonstrate that PGE, also utilizes EP, receptors on
NK cells to regulate IFN-y production.

Findings with PGE, analogues and cAMP-elevating agents
such as IBMX present a compelling case for cAMP-mediated
regulation of NK cell IFN-vy synthesis. Furthermore, given that
NK cells were completely insensitive to sulprostone (EP;/EPs-
selective) and given that EP,/EP5/EP, receptors are insensitive
to butaprost25’27 the conclusion that similar to T cells, PGE,
mediates effects on NK cells through the EP, receptor is valid.
However, with regard to the actual molecular basis for these
effects we found important differences. Unlike previous find-
ings with anti-CD3-stimulated human mononuclear cells*® we
could not demonstrate any effect of PGE, on NK cell IL-12
receptor subunit expression at the mRNA level. Although we
did not directly measure IL-12 binding, previous studies have
demonstrated a direct and strict correlation between IL-12R
mRNA and cell-surface protein expression®° with PGE, shown
to have equivalent suppressive effects on both IL-12R protein
and IL-12R mRNA expression®® validating our approach. The
insensitivity of NK cell IL-12R expression to PGE, contrasts
with findings in T cells?® and emphasizes the differential
regulation of the IL-12R between these cell types. For example,
NK cells constitutively express the IL-12R and although this
expression can be up-regulated by cytokines such as IL-2** NK
cell IL-12R expression is generally resistant to cytokines that
suppress IL-12R expression on T cells.*’ Our findings with
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regard to IL-2R expression are interesting in that recent experi-
ments with IL-15-stimulated human NK cells showed that PGE,
treatment for 2 days led to inhibition of the common-y chain
subunit of the IL-2R (\/C).41 In contrast, in our studies where
PGE, exposure was significantly shorter (16 hr maximum) and
in the absence of exogenous IL-15, we did not find any sig-
nificant effect of PGE, on expression of IL-2R mRNA tran-
scripts. In any case, IL-12 or IL-18 receptor signalling does not
involve the vy.-chain and would therefore not account for the
observed inhibition of IFN-y synthesis.

The absence of cytokine receptor modulation coupled with
strong evidence that PGE, utilizes EP,-, cAMP-dependent
mechanisms suggests regulation of intracellular signalling path-
ways that impinge on IFN-vy gene expression. In the context of
cytokine-induced NK cell IFN-y synthesis IL-12-activated
Jak2/STAT4 and IL-18-activated nuclear factor (NF)-xB/AP-
1 are particularly relevant as both are required for maximal IFN-
~ promoter activity.*> Indeed, PGE, has been shown to inhibit
NF-AT, AP-1,'> NF-kB*® and Jak signalling**,although whether
this applies to NK cells has not been determined. Interestingly,
PGE;-induced cAMP has also been shown to result in phos-
phorylation of cAMP-response element binding protein
(CREB)* and CREB has been heavily implicated in the nega-
tive regulation of IFN-y gene expression through competitive
binding to regulatory elements of the IFN-y promoter.*®*’
Whether PGE, modulates IFN-y gene transcription in NK cells
via CREB-induced suppression of pertinent transcription fac-
tors has not been determined and we are currently investigating
these and other possibilities.

In summary, this study demonstrates an important role for
PGE, in the regulation of pro-inflammatory cytokine (IL-12 and
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IL-18)-induced production of IFN-y by NK cells. Importantly,
PGE, was found to act directly and rapidly antagonize the
synergistic effects of IL-12 and IL-18 without modulating
cytokine receptor expression. In addition, through the use of
synthetic PGE, analogues and cAMP measurements we con-
clude that the suppressive effects of PGE, are mediated via EP,
receptors and its downstream effects on cAMP metabolism.
These findings demonstrate direct regulatory effects on NK cells
and provide additional important information on the regulation
of pro-inflammatory processes to those previously described for
accessory cells such as macrophages and dendritic cells. We
speculate that the direct effect of PGE, on NK cells may be an
important regulatory event in vivo, acting with other regulators
to prevent the pathological consequences of IFN-y overproduc-
tion during early immune activation.
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